Alexia is traditionally classified according to the site of anatomic damage and to the presence or absence of deficits in writing and oral language.
translating perceptual data into meaning and speech, with phonological, surface, and deep subtypes. These subtypes reflect hypotheses that reading can occur via two routes: the 'indirect' route, in which pronunciation rules translate print to sound (grapheme-to-phoneme conversion), and the 'direct' route, in which the meaning and pronunciation of words is looked up in an internal lexicon. Phonological alexia is characterized by impaired grapheme-to-phoneme conversion while surface dyslexia is characterized by difficulty accessing the internal semantic lexicon, a process critical when reading words with irregular spelling. Deep dyslexia presents as a combination of both phonological and semantic errors.
In this report we describe two patients, one with pure alexia from occipitotemporal lesions, and one with alexia with agraphia from an angular gyrus lesion. Our goal was to apply perceptual and linguistic tests of reading and writing to clarify our understanding of the cognitive pathophysiology underlying these syndromes.
GENERAL METHODS
Patient JM(Occ) is a 69-year-old right-handed, Englishspeaking man with a Masters degree who is a retired mathematics teacher. Five months prior he had had a left occipital hemorrhage following anticoagulation for a deep venous thrombosis, followed by a right occipital infarct during the same hospital stay. He complained of dyschromatopsia, impaired reading, and difficulty recognizing people. He hadn't noted problems with writing or recognizing other objects. On exam he had normal auditory comprehension, naming and spontaneous speech. Visual acuities were 20/20 in both eyes. Goldmann perimetry showed a small right homonymous paracentral scotoma. The Farnsworth-Munsell 100-hue test showed gross sorting errors for all hues. Reading was slow and laborious, but he wrote words and short sentences well to dictation and his own composition. Short-term memory for words on the Warrington Recognition Memory Test was normal (43/50). Recognition of line drawings was mildly impaired (he did not recognize a chair or a hammock). A test of famous face recognition confirmed prosopagnosia, and the Benton Face Recognition Test showed a severe impairment with facial perception (29/54). Neuro-imaging revealed a right posterior cerebral arterial infarction and residual left occipital hemorrhage, extending into medial temporal and parietal regions (Figures 1  and 3 ). In summary, he had central dyschromatopisa, alexia without agraphia, prosopagnosia, and a mild degree of object agnosia, a constellation that has been reported with bilateral medial occipital lesions. 7, 8 Patient MP(Par) is a 55-year-old right-handed, Englishspeaking high-school graduate who was a manager in a heavy equipment company. He presented with several weeks of daily headaches. Neuro-imaging revealed a contrast-enhancing mass with vasogenic edema in the left angular gyrus (Figures 2 and 3) . He had subtotal resection of the tumour, with pathology showing glioblastoma, and subsequently completed a course of radiation therapy and chemotherapy, following which he complained of trouble reading and writing. On examination visual acuities were 20/30 in the right eye and 20/25 in the left. Goldmann perimetry showed a dense macular-splitting right hemianopia ( Figure 2 ). He had normal auditory comprehension and spontaneous speech, but occasional difficulty naming low-frequency items. Reading was severely impaired and writing showed numerous spelling and grammatical errors. He had trouble with simple arithmetical calculations, but did not show right/left disorientation or finger agnosia. Face and colour recognition were intact. Additional visual tests showed normal perception of curvature, angle, and line orientation using the Benton test, and normal recognition of famous faces. In summary, he presented with alexia with agraphia, acalculia, and a mild anomia, associated with a left lateral occipito-parietal lesion.
Apparatus and analysis
Experiments were run on a Macintosh G4 computer using Superlab 1.71 (Cedrus Inc, www.superlab.com) software in sessions over a period of five months. Subjects were seated 57 cm in front of the computer monitor. Stimuli sizes, ranging from 2 to 5°in height for letters and pictures, were easily visible for both patients.
The subjects performed a series of experiments, whose methods and results are detailed below. In each experiment statistical comparisons were made using χ 2 or ANOVA analysis, where appropriate, with level of significance set at α = 0.05.
Letter Recognition
The goal of the three tests in this first experiment was to determine whether the perceptual processing of letter-forms was normal. Difficulty processing letters would be more consistent with a perceptual ('sub-lexical') dysfunction than a linguistic failure.
Methods: First, a letter/non-letter discrimination test presented subjects with 18 trials that showed two symbols sequentially for 2000ms each. One symbol was a capital letter and the other a mirror image of the same letter, and subjects were asked to indicate which was the real letter. Second, a vowel/consonant test presented five trials (one for each vowel), in which capital letters were shown, one a vowel and one a consonant, and subjects were asked to indicate which one was the vowel. Third, the embedded symbols test showed subjects ten words and ten non-words (words that contain one to three non-letters; e.g. ΔPPLE, Z∞, H3@LTH7), one at a time in random order, and asked them to state whether the symbol string was a real word. Subjects indicated their response with a keypress, and both accuracy and reaction time were recorded.
Results: JM(Occ) had difficulty discriminating non-letters from real letters (13/18 correct), but had no difficulty identifying the vowel (5/5 correct). He incorrectly identified the non-word as a real word in 2/10 trials: 'F1SH' as 'FISH' and 'Z∞' as 'ZOO'). In contrast, MP(Par) correctly identified the properly oriented letter in 18/18 trials, the vowel in 5/5 trials, and all 10 non-words as non-words. The contrasts between JM(Occ) and MP(Par) showed a difference for letter identification (χ 2 (1, N = 36) = 3.9, p < 0.05). While the difference between the two subjects in accuracy for discriminating words from non-words did not reach statistical significance, 
Recognition and reading of real words and pseudo-words
The two tests of word reading in this section had two goals. First, we determined whether reading varied with either perceptual or linguistic parameters. A hallmark of peripheral alexia from perceptual dysfunction is a word-length effect, in which the accuracy and/or reading time is proportional to the number of letters in the word. 3, 6 On the other hand, central alexias show modulation by linguistic variables such as word frequency, word imageability (i.e. the ability of the word to conjure a visual image; 'concrete' vs. 'abstract'), parts of speech (i.e. nouns, modifiers and functors) and orthographic regularity of words (whether the word can be 'sounded out'). 9 Second, we contrasted the reading of real words with that of pseudo-words: while peripheral alexias fail to show differences with respect to their abilities to read real vs. pseudo-words, phonological and deep, but not surface, dyslexics have an impaired ability to read pseudo-words (i.e. an impaired access to phonological knowledge).
Methods:
In the first test subjects were shown 115 real words chosen from a published list of words of known word frequency and imageability (Table 1) . 5, 10, 11 Words varied in length from 2 to 11 letters and fell into one of ten categories: concrete high frequency, concrete low frequency, abstract high frequency, abstract low frequency, nouns, modifiers, functors, verbs, irregular and regular words. 11 In the second test pseudo-words and their corresponding real words (ten trials of each type; Table  1 ) were presented. In both tests words were shown one at a time with unlimited viewing time, in random order, and subjects were asked first to indicate with a keypress if the word was a real word, and second, to read it aloud. Immediately after the verbal response the experimenter documented the accuracy of the response by a second keypress. Results were analyzed for accuracy and reading time, as indicated by the total duration to the second key press. Results: JM(Occ) recognized 40% (46/115) and pronounced correctly 51% (59/115) of the words (thus to direct questioning he could pronounce some words he did not recognize (5, 10, 11) (9, N = 115) = 19.9, p = 0.02) and lengthened reading time by about 5 sec per letter ( Figure 4A and B) . For linguistic variables, there was a trend to significance for regularity, with JM(Occ) reading correctly 63% (7/11) of regular but 27% (3/11) of irregular words (χ2 (1, N = 22) = 2.9, p = 0.08). JM(Occ)'s reading was not significantly affected by imageability or word frequency ( Figure 5A ). On the second test, JM(Occ) was 90% accurate (18/20) in discriminating pseudo-words from real words and correctly read 50% (5/10) of pseudo-words (Table 2) .
MP(Par) recognized 77% (88/115) of words but could only correctly pronounce 18% (21/115). There was no effect of word length on MP(Par)'s accuracy or reading time (Figure 4 ). For linguistic variables, MP(Par)'s reading did not differ overall with the category of word ( Figure 5A ). However, while he read regular and irregular words equally well (18% for both), he was better at reading concrete (7/21 or 33% correct) than abstract words (1/22, or 4% correct) (χ 2 (1, N = 43) = 5.9, p = 0.015). With the second test, MP(Par) was 75% accurate (15/20) in discriminating pseudo-words from real words but could not read any pseudo-words (0/10): for example, while he could read "fort" and "hat", he could not read "gort" or "jat". We classified MP(Par)'s 94 errors by an established system (5): 2% were substitution errors, 10% were semantic errors, 11% were visual errors, 21% were undeterminable and, in the remaining 51%, MP(Par) did not offer a response. Substitution errors included reading 'sing' as 'song'; visual errors included reading 'quickly' as 'question' and 'movies' as 'moving'; semantic errors included 'beautiful' as 'pretty', 'but' as 'and' and 'cabbage' as 'vegetable'. MP(Par) also made a combined visual/semantic error in reading 'marry' as 'happy'.
The contrasts between JM(Occ) and MP(Par) showed that JM(Occ) was worse than MP(Par) at recognizing words (χ 2 (1, N = 115) = 31.5, p <0.0001) but better than MP(Par) at reading real and pseudo-words aloud (χ 2 (1, N = 115) = 27.7, p <0.0001 and χ 2 (1, N = 20) = 6.7, p = 0.01, respectively). To summarize, JM(Occ) showed a word-length effect, a trend to an effect of orthographic regularity but not of other linguistic variables, and could read some pseudo-words, whereas MP(Par) showed no word-length effect, but rather an influence of imageability on reading, a more marked inability to pronounce pseudo-words, and produced semantic paralexias.
Reading comprehension in MP(Par)
Despite MP(Par)'s severe difficulty in reading words aloud, MP(Par) claimed to recognize many words. However, his high 77% rate of responding 'yes' to a question of 'do you recognize this word?' could simply reflect a criterion bias rather than true recognition. To verify recognition, we examined whether he knew the meanings of written words.
Methods:
We gave MP(Par) a picture/word matching test. This consisted of 20 pictures presented four times each (80 trials total). On each trial a word was written below the picture. On one trial the word was the correct (index) name, on one it was a phonologically similar word, on one a semantically related word and on the last an unrelated word (see Table 3 ). MP(Par) was asked first to state if the word matched the picture and second to read the word aloud. Words were obtained from published lists: all were concrete and controlled for frequency effects. There was no time limit.
Results: MP(Par) was 15/20 correct on trials when pictures were shown with their real name: this 75% accuracy rate is nearly identical to his 77% rate of acknowledged word recognition in the previous experiment. In all five instances when MP(Par) claimed incorrectly that the picture did not match its index word ('stomach', 'needle', 'fan', 'square' and 'paper'), he had difficulty reading the word aloud. On 2 of the 15 trials on which he did correctly match the picture and its index word ('piano' and 'acrobat'), he read the index word incorrectly ('pianist' and 'trapeze'). Thus, although correct matching was needed for MP(Par) to read index words, on occasion this lead to semantic paralexias. MP(Par) was 100% accurate in recognizing that the picture did not match unrelated words or phonologically similar words. However, he incorrectly stated on 5 of 20 trials that a semantically related word matched the picture. On these five trials he did not read the word correctly, making semantic paralexical errors. For example, he incorrectly matched the word 'orchestra' with a picture of a 'pianist' and read the word as 'symphony', and incorrectly matched the word 'soldier' with a picture of a 'sword' and read the word as 'knife'. This experiment suggests that MP(Par) has relatively preserved word recognition and comprehension, although comprehension does not guarantee successful reading. 12 This test also suggests that his semantic paralexical reading errors originate while accessing word meaning prior to activating phonological output, consistent with hypotheses that semantic reading errors are generated because of compromised access to phonological output lexicon. 13, 14 
Writing words
Few studies have assessed the reading and writing abilities of individual patients systematically in parallel. Some suggest that 
Index Word
Phonologically the cognitive processes for writing parallel those of reading. 15, 16 Patients with deep dyslexia may show 'deep dysgraphia' 17 while those with letter-by-letter reading may exhibit 'surface dysgraphia'. 18 However, others assert that alexic features may be dissociated from those of agraphia.
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Methods: Using the same real words as in the second experiment, the two subjects were asked to write words in response to dictation. There was no time limit and results were analyzed for accuracy. MP(Par) completed only one portion of this task. 
Results

DISCUSSION
We examined the performance of two subjects with different lesions and different traditional alexic syndromes on three different tasks. The results illustrate distinct contrasts in the perceptual and linguistic properties of not only their reading but also their writing abilities.
JM(Occ): Medial occipitotemporal damage and peripheral 'word-form agnosia'
JM(Occ)'s alexia appears to reflect a failure to generate accurate word-forms. He had trouble perceiving letters and with word-form decision tasks, and displayed a classic word-length effect. His reading was not affected by linguistic variables such as part of speech, word frequency, or imageability. These findings are characteristic of pure alexia. Patients with this disorder cannot access word knowledge and rely at best on a slow letter-by-letter reading strategy.
3,5,6 JM(Occ)'s neuroimaging showed a left occipital hemorrhage and a right occipitotemporal infarct: the former is consistent with the association of pure alexia with lesions of the left medial occipital cortex. 2, 3, 6, 20 The traditional explanation of occipital alexia is a disconnection syndrome. 21, 22 This postulates a failure of information transmission to language centers in the left angular gyrus from both the left hemifield, because of damage to callosal fibers in the splenium, and the right hemifield, usually because of right hemianopia, but sometimes from damage to fibers surrounding the occipital horn of the lateral ventricle. 23 The disconnection hypothesis is most strongly supported by atypical cases, such as a combination of damage to the splenium and a right hemianopia from a lesion of the left lateral geniculate nucleus. 24, 25 However, others argue that some cases of pure alexia may represent an agnosia for visual word forms. 26, 27 This 'word-form agnosia' may actually be a more generalized perceptual defect for certain complex visual stimuli, of which words and letters are the most prominent examples. 3, 8, 28, 29 Word-form agnosia has been postulated to result from damage to the left fusiform gyrus, which fMRI experiments suggest contains a visual word-form area. 30, 31 Two features not usually considered part of pure alexia further support a hypothesis of impaired word-form processing in JM(Occ). First is his trend to greater difficulty for words with irregular spelling. Typically this is considered a feature of surface dyslexia, attributed to an inability to access semantic information or activate the stored sound of the word, 5 so that reading can only be accomplished through the phonological route. Loss of word-form knowledge thus results in difficulty with irregular words, for which phonological rules of pronunciation are unhelpful. Second, JM(Occ) also demonstrated a similar reliance on phoneme-to-grapheme rules in his writing. This type of agraphia has also been described with some forms of surface dyslexia. 6, 15 In summary, JM(Occ) has trouble identifying letters and the more letters in a word the more difficulty he has identifying the word. His spelling errors as well as his difficulties pronouncing irregular words suggest degraded knowledge of word forms. He employs grapheme-to-phoneme rules to achieve better pronunciation of regular than irregular words and more successful pronunciation of pseudo-words than MP(Par). JM(Occ) similarly relies on phoneme-to-grapheme rules when writing. A perceptual or 'peripheral' word-form agnosia with loss of internal representations of letters and word forms would account for the majority of his deficits, and is consistent with a lesion of the left fusiform gyrus.
MP(Par): Left angular gyral lesion and central dyslexia
MP(Par) has preserved perception of letters and better explicit recognition of words, which he demonstrates with equally good matching of words to pictures. He shows no effect of word length on reading. These features suggest that perceptual processing of letters and words is relatively intact. Rather, many aspects of his reading are consistent with deep dyslexia. 5, 12 These include better reading of words with high imageability, semantic paralexias, and a severe inability to use phonological rules to read pseudo-words. Although MP(Par)'s reading was best for concrete high-frequency nouns and worst for modifiers, he did not show a statistically significant part-of-speech effect, which is usually another feature of deep dyslexia. This may reflect the severity of his defect with all classes of words or, as others have suggested, an extension of the imageability effect on his reading (i.e. nouns tend to have higher imageability than other words). 5 The origins of deep dyslexia remain controversial. It may represent either damage to multiple left hemispheric reading modules or the loss of left hemispheric reading skill, with residual reading reflecting the abilities of the right hemisphere.
MP(Par)'s better reading of nouns and words with high imageability and his better access to semantic information (in the form of accurate picture-word matching) are consistent with a hypothesized right hemispheric ability to store semantic but not phonological information. 32, 33 Neuroanatomic data for deep dyslexia have been limited because this rare condition is most often associated with large perisylvian lesions and almost always accompanied by a profound aphasia. 9 There are uncommon reports of more focal temporoparietal lesions and clinical syndromes. One case with longstanding resection of a left temporoparietal tumour had 'profound language disturbances' and a hemiplegia that suggests more frontal involvement than described. 34, 35 A second patient with a post-traumatic subdural hematoma and left parietal contusion had deep dyslexia and agraphia (whose characteristics were not examined) with a severe anomia as the only other deficit. 36 Another patient with trauma to the left inferior-middle temporal gyrus presented with deep dyslexia, agraphia (again, not characterized) and normal oral comprehension. 37 MP(Par) had only a mild anomia and his lesion was centered on the angular gyrus, though, as with all tumours, the limits of his lesion are not sharply demarcated. A recent meta-analysis of fMRI studies concluded that the angular gyrus is activated during semantic access and the neighboring posterior superior temporal gyrus during grapheme-to-phoneme conversion. 38 From MP(Par)'s data, we suggest that the classic syndrome of alexia with agraphia is characterized by deep dyslexia and a corresponding deep dysgraphia, and that the angular gyrus may be a key substrate for this linguistic deficit.
JM(Occ) and MP(Par): agraphic disorders
Although JM(Occ)'s clinical and radiologic features are consistent with pure alexia, more detailed assessment of his writing showed significant spelling errors consistent with excessive reliance on phoneme-to-grapheme rules. As with his alexia, JM(Occ)'s writing deficits likely reflect loss of information about visual word-forms. This supports claims that the visual word form area also serves as a graphemic-output lexicon (18) . Whether these subtler deficits in writing are typical of all cases of so-called pure alexia is unclear. It may be that the presence or absence of surface dysgraphia may distinguish agnostic forms of pure alexia from the disconnection variety, since writing would not be affected by the latter.
Likewise, MP(Par)'s writing mirrors his reading defect. Just as his pseudo-word reading shows a severe inability to use grapheme-to-phoneme conversion rules, his writing errors show no phonological relation to the correct word. While he did not show any semantic substitution errors in writing, this does not imply that he has only phonological agraphia: in that disorder, preserved semantic access to the lexicon allows correct spelling of real words, 18 which he did not show. Thus, his writing demonstrates impaired phoneme-to-grapheme and semantic routes, consistent with a deep dysgraphia mirroring his deep dyslexia.
In summary, our examination of these two patients with different classic syndromes of alexia show that at least some variants of pure (occipital) alexia are likely due to a word-form agnosia that creates parallel deficits in reading and writing. In contrast, alexia with agraphia (angular alexia) is associated with better perceptual processing of words but more significant linguistic dysfunction, generating parallel deep dyslexia and deep dysgraphia. These data suggest that medial occipital and angular gyral lesions are distinguished not so much by whether writing is intact but by whether both reading and writing show perceptual or linguistic-based deficits.
